phenotype in each of these families. DNA sequencing identified two distinct LIPH mutations (280_369dup90 and 659_ 660delTA). Each affected individual (n = 38) was either homozygous for one mutation (n = 7 and 16 respectively), or compound heterozygous (n = 15). A review of the literature identified several reports of compound heterozygotes in consanguineous families. Prompted by this finding, we derived the probability that a patient affected with a recessive disease is carrying two mutations at the disease locus. We suggest that the validity of the IBD assumption may be challenged in large consanguineous families.
zygosity mapping is a statistical technique that has been developed to identify regions of the genome that are shared among affected individuals and likely to be IBD. The success of utilizing highly inbred families to mapdisease genes has been attributed to the fact that this strategy overcomes one of the largest obstacles in mapping studies, that is, genetic heterogeneity. Despite this commonly held notion, and the demonstrated power of the method, autozygosity may fail to determine the location of a disease locus when allelic heterogeneity is present. We encountered this scenario when performing mapping in two consanguineous families and were nevertheless successful in identifying the disease locus by extending our methodology to include parametric linkage analysis.
The use of SNP arrays has greatly increased the efficiency of gene mapping, particularly for Mendelian disorders. Even low density arrays (10K) have greatly increased marker density, while the ease and speed of sample preparation allows for a dramatic increase in genotyping throughput. For gene mapping in consanguineous families, we commonly use SNP array data to identify regions that provide evidence for IBD and recessive linkage. These intervals are then further refined with the use of more informative markers; we perform haplotype analysis with microsatellite data. Finally, direct sequencing of candidate genes leads to identification of the causative gene. By deploying this strategy, we have previously analyzed many consanguineous Pakistani families with autosomal recessive hair and nail disorders and have successfully identified homozygous mutations in causative genes, such as HR [1] [2] [3] , DSG4 [4] [5] [6] , RSPO4 [7, 8] , P2RY5 [9, 10] , and LIPH [11] .
Woolly hair (WH) refers to a group of hair shaft disorders that are characterized by fine and tightly curled hair. As compared with normal curly hair that is observed in some populations, WH grows slowly and stops growing after a few inches. Under light microscopy, WH shows some structural anomalies, such as trichorrexis nodosa and tapered ends. WH can appear as part of several syndromes, such as Naxos disease (OMIM 601214) and cardiofaciocutaneous syndrome (OMIM 115150). In addition to these syndromic forms of WH, isolated WH without associated findings (non-syndromic WH) has also been described. Non-syndromic WH can show either an autosomal dominant (ADWH; OMIM 194300) or recessive (ARWH; OMIM 278150) inheritance pattern.
We recently established the role of two genes in which mutations can underlie ARWH/hypotrichosis. Initially, we identified homozygous pathogenic mutations in the P2RY5 gene in several families with ARWH/hypotrichosis [9] . The P2RY5 gene encodes a G-protein coupled receptor (GPCR) known as P2Y5 and is a nested gene, residing within intron 17 of the retinoblastoma 1 ( RB1 ) gene. P2RY5 is expressed abundantly in both Henle's and Huxley's layers of the inner root sheath of the hair follicle [9] . More recently, we demonstrated that homozygous pathogenic mutations in LIPH underlie ARWH/hypotrichosis. Patients who carry mutations in LIPH are clinically indistinguishable from patients who carry mutations in P2RY5 [11] .
In this study, screening for patterns of IBD with microsatellite markers revealed two consanguineous ARWH/ hypotrichosis families (Family 1 and Family 2) that had been excluded from linkage to either P2RY5 or LIPH . These consanguineous families are unrelated and originate from two different regions in Pakistan that are separated by a geographic barrier. We selected 10 members from each of these families for a mapping study and performed whole-genome SNP genotyping. Our initial analysis showed that these data were uninformative for linkage and autozygosity. We therefore performed whole-genome genotyping on an additional 10 family members from Family 1 and repeated the analysis. While the evidence for linkage using a simple recessive model increased modestly on chromosome 3q (Z = 2.5), autozygosity mapping under the assumption of IBD remained uninformative. Placement of additional microsatellite markers located within LIPH allowed us to identify not one IBD disease allele, but rather, two different mutations that were segregating in each family. The presence of compound heterozygotes in these consanguineous families negates the assumption of IBD that is critical for successful autozygosity mapping. Our findings suggest that in addition to locus heterogeneity or reduced marker informativeness, an alternative hypothesis of compound heterozygosity should be considered.
Materials and Methods

DNA Samples
After obtaining informed consent, we collected peripheral blood samples in EDTA-containing tubes from members of Pakistani families and 100 population-matched unrelated, unaffected control individuals (under institutional approval and in adherence to the Declaration of Helsinki Principles). Genomic DNA was isolated from these samples according to standard techniques.
Genotyping
The Affymetrix GeneChip Human Mapping 10K 2.0 array was used to perform whole genome scans on individuals from two In order to confirm linkage to this region on chromosome 3q27, genomic DNA from family members was amplified by PCR using primers for microsatellite markers close to the LIPH gene. We analyzed three markers for the first analysis (D3S3592, D3S1602 and D3S1262), and four additional markers (LIPH-MS1-4) for the second analysis [11] . The amplification conditions for each PCR were 94 ° C for 2 min, followed by 35 cycles of 94 ° C for 30 s, 55 ° C for 30 s, and 72 ° C for 30 s, with a final extension at 72 ° C for 7 min. PCR products were run on 8% polyacrylamide gels and genotypes were assigned by visual inspection.
Linkage Analysis
Genespring GT (Agilent Software) was used for quality control measures and to perform a number of analyses. After removing SNPs that showed Mendelian inconsistencies, Genespring GT was used to infer haplotypes from the data. By using haplotypes rather than SNPs, we minimized the effect of linkage disequilibrium on multipoint linkage analysis, thus reducing Type I error. Initial analysis included whole-genome autozygosity mapping to identify regions of IBD that are shared among affected individuals. Details about the methodology employed by this test can be found at https://www.chem.agilent.com/cag/bsp/products/gsgt/ Downloads/pdf/autozygosity.pdf. Multipoint parametric linkage analysis was performed on inferred haplotypes, assuming a recessive mode of inheritance with 100% penetrance and a disease allele frequency of 0.001. Others have previously demonstrated that misspecification of penetrance does not greatly affect power to detect linkage [12] . We therefore expect that reduced penetrance would not have significantly altered the conclusions.
Mutation Analysis of the LIPH Gene
Using genomic DNA from family members, all exons and exon-intron boundaries of the LIPH gene were amplified by PCR using gene-specific primers [11] . The amplified PCR products were run on 1.5% agarose gels, and purified with QIAquick Gel Extraction Kit (Qiagen). Subsequently, the products were directly sequenced in an ABI Prism 310 Automated Sequencer, using the ABI Prism Big Dye Terminator Cycle Sequencing Ready Reaction Kit (PE Applied Biosystems). Screening assays for the mutation 659_660delTA were performed as described previously [11] .
Results
Clinical Features
We ascertained two large consanguineous families of Pakistani origin with 28 (Family 1) and 10 (Family 2) affected individuals, respectively. Pedigrees were consistent with autosomal recessive inheritance and show several inbreeding loops ( fig. 1 ). All affected individuals in these families had tightly curled hair on their scalp from birth ( fig. 1 ). The hair grew slowly and stopped growing after a few inches. The hair density is variable from normal to less dense, and the disease was nonsyndromic. For all affected individuals, facial and body hair, teeth, nails, and sweating were normal, and palmoplantar hyperkeratosis was not evident. There was no family history of heart disease, cancers, sudden death or neurologic abnormalities.
Analysis of Genome-Wide SNP Data Shows Linkage to Chromosome 3 without Evidence for Autozygosity
Using genomic DNA of affected individuals from each of these two families, we first tested for linkage to the P2RY5 gene using microsatellite markers [9] and excluded linkage to this region (data not shown). We next tested for linkage to the LIPH gene with 3 microsatellite markers that span a 1.8 Mb region, the two most proximal of which were located 0.8 Mb upstream and downstream from LIPH (D3S3592, D3S1602 and D3S1262). We saw no evidence for an IBD pattern consistent with an autozygous recessive inheritance among affected individuals. Instead, we found that some affected individuals were homozygous for the same haplotype, while others were heterozygous for distinct haplotypes. Because we assumed there should be IBD in such large consanguineous pedigrees, we thereby excluded both families from linkage to LIPH. Embarking on a whole genome scan to search for a third locus for ARWH/hypotrichosis, we genotyped 10 members of each family, using the Affymetrix GeneChip Human Mapping 10K array. Statistical analysis revealed no evidence for linkage or autozygosity. We then genotyped an additional 10 members for Family 1 and analyzing under a recessive model, we identified a region of suggestive linkage (Z = 2.5) on chromosome 3q26.3. Within the interval of linkage, the LOD score for autozygosity was -14.07, indicating strong evidence against IBD alleles ( fig. 2 ).
Haplotype Analysis with Additional Microsatellite Markers Identifies Two Distinct Haplotypes Segregating with ARWH/Hypotrichosis in Both Families
Since re-analysis of Family 1 with SNP array data on 20 individuals suggested linkage to the LIPH locus, we increased the density of microsatellite markers in this region. Four new markers, LIPH-MS1-4, were placed between D3S3592 and D3S1602 ( fig. 3 ). Two of these markers are intronic: LIPH-MS2 and LIPH-MS3 are located respectively within intron 5 and intron 2 of the LIPH gene. We performed haplotype analysis and found two distinct haplotypes that were shared by affected members of both families. One is between D3S3592 and LIPH-MS4, and the other is between LIPH-MS1 and LIPH-MS4, which we termed haplotypes A and B, respectively ( fig. 3 ). Every affected individual in both families has one of three different combinations of these two haplotypes: homozygous for haplotype A; homozygous for haplotype B; or heterozygous for haplotypes A and B ( fig. 3 and 5 ). This result suggested linkage to the LIPH gene in both families. Each consanguineous family was segregating not one, but two distinct disease alleles.
Identification of Mutations in the LIPH Gene
On the basis of the results of our mapping studies, we sequenced the LIPH gene in both families. First, we amplified all exons and exon-intron boundaries of LIPH in Fig. 1 . Clinical presentation. All affected individuals have features of ARWH/hypotrichosis, which is characterized by fine, tightly curled hair that grows slowly and stops growing after a few inches ( A , B , C , and D ). Hair density and hair shaft pigmentation phenotypes display variable expressivity. The patient in B displays sparse hair and the patient in C displays depigmented hair shafts.
The pedigrees shown in E (Family 1) and F (Family 2) show that disease segregation is consistent with autosomal recessive inheritance and there is a high degree of inbreeding in both families. Individuals who participated in this study are numbered in the pedigree. 
Discussion
Lipase H Mutations in Autosomal Recessive Woolly Hair
We and others recently demonstrated that two genes, P2RY5 and LIPH , underlie ARWH/hypotrichosis [9] [10] [11] 13] . LIPH transcripts are abundantly and widely expressed in the human hair follicles. LIPH is a member of phosphatidic acid-selective phospholipase A1 and is a key enzyme in the synthesis of 2-acyl-lysophosphatidic acid (LPA) [14, 15] , an extracellular mediator of many biological functions [16] . P2Y5 is a LPA receptor [13] , and thus provides a link between these discoveries. Collectively, these data suggest a crucial role of the LIPH/LPA/P2Y5 signaling pathway in the pathogenesis of ARWH/hypotrichosis.
During these studies, we identified two large consanguineous families with ARWH/hypotrichosis. We inadvertently excluded P2RY5 and LIPH because we incorrectly assumed that a single disease allele would be segregating in each family. We expected to map a third, novel disease locus in these ARWH/hypotrichosis fami- lies. Instead, we discovered that two LIPH disease alleles were segregating in each consanguineous family, and more than half of the genotyped affected individuals were compound heterozygous. For linkage mapping in consanguineous families, we typically utilize genotyping data generated on low density SNP arrays and combine results from autozygosity mapping with parametric linkage analysis to identify candidate regions. By combining the results from these two statistical methods, we aim to reduce Type I error associated with each method individually. We have used this technique to successfully identify disease genes in several large consanguineous families [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] .
At the onset of this study, we had excluded LIPH by haplotype analysis with genotype data from three microsatellite markers, the two most proximal of which were located 0.8 Mb upstream and downstream, respectively, from LIPH . Given the extent of inbreeding in these families, we expected these markers to be sufficient to detect true linkage. In fact, for ARWH/hypotrichosis families that segregate a single disease mutation in LIPH , these three markers were sufficient for establishing linkage and identifying IBD [11] .
Having excluded autozygous linkage, we proceeded to perform whole-genome analysis with SNP data. For Family 1, we genotyped a total of 20 affected individuals and achieved a maximum LOD score for linkage to a recessive sequencing of the two PCR products showed that the shorter fragment is the wild type sequence ( B ), while the larger product contained a 90 bp insertion ( C ). ARWH/hypotrichosis patients who were heterozygous or null for the exon 2 mutation were found to carry a 2 bp deletion in exon 5 ( D ). fig. 2 A) . Autozygosity mapping was consistent with exclusion and produced a LOD score for IBD in the region of linkage of -14.07. Across the genome, the maximum IBD LOD score was 1.34 on chromosome X, and the median score was -18.35, indicating no evidence for IBD anywhere in the genome ( fig. 2 B) . Despite the lack of evidence for autozygosity, because the region of linkage under a recessive model coincided with the LIPH locus, we increased the density of microsatellite markers and repeated haplotype analysis. We designed four new microsatellite markers, two of which are located within LIPH , and observed two haplotypes that were segregating with the disease, named Haplotype A and Haplotype B ( fig. 3 ) . By direct sequencing of the LIPH gene in affected individuals, we identified two mutations: 280_369dup90 segregated with Haplotype A and 659_660delTA segregated with Haplotype B ( fig. 4 ) . All affected individuals were either homozygous for one of these mutations or compound heterozygous ( fig. 5 ) .
The mutation 280_369dup90 in the LIPH gene probably occurred through an in-frame duplication event of nucleotide sequences between positions 280 and 369, which results in the tandem repeat of 30 amino acid residues at the protein level. Pathogenic mutations due to in-frame duplication events have previously been reported in sev- For a large, randomly mating population, f = 0 and most recessive disease will be caused by compound heterozygous mutations. As the amount of inbreeding increases, this probability decreases, but will become 0 only when f = 1. Part A shows the full range of probabilities, from 0 to 1. Part B focuses on the range of probabilities from 0 to 0.1, to allow interpolation for the LIPH locus (n = 11). eral other genes, such as HOXA13 [17] , HOXD13 [18] , and K6a [19] . The additional amino acid sequences in the Nterminal catalytic domain would severely affect the structure and/or function of the lipase H protein. The mutation 659_660delTA in the LIPH gene leads to a frameshift and a premature termination codon 25 amino acid residues downstream from the deletion (Ile220Arg fsX25). A LIPH transcript with this mutation is predicted to be largely degraded through nonsense-mediated mRNA decay. This recurrent mutation was recently identified in several Pakistani families with ARWH/hypotrichosis [11, 20] . The haplotype associated with the mutation 280_ 369dup90, is at least 800kb larger than the haplotype associated with the mutation 659_660delTA ( fig. 3 ) . In general, haplotypes associated with novel mutations are quite large. Over time, recombination events reduce the number of loci in linkage disequilibrium with the mutation and the haplotype is reduced in size. We also expect that older mutations will be more frequent in the population than ones that arose more recently. To date, we and others have identified LIPH mutations in several ARWH/ hypotrichosis families, some of which are recurrent at different frequencies. The mutation 659_660delTA is segregating in 6 families [11] . However, the mutation 280_369dup90 has only been identified in the two families we report here. Based on these two observations: (1) the length of the homozygous tracts surrounding the mutations, and (2) the frequency of the mutations in the population, it appears that the 280_369dup90 mutation has emerged more recently than the mutation 659_660delTA. The fact that this mutation exists in a much higher frequency in Family 2 than in Family 1 could possibly indicate that it originated in founders of Family 2 and was more recently introduced into Family 1. Alternatively, genetic drift, which is known to have stronger effects in highly inbred populations, may explain this observation.
The two families under investigation in our study originate from two different provinces in Pakistan and are separated by approximately 1,100 km and a river that serves as a geographical barrier. In addition, these two families belong to different tribes and speak distinct languages (Family 1 speaks Sindi; Family 2 speaks Saraiki). It is believed that these two families have had no common ancestors for at least 150 years, suggesting that these mutations arose more than 6 generations ago.
The Occurrence of Compound Heterozygotes in Consanguineous Families
There are two main advantages to studying recessive diseases in highly inbred populations. First, inbreeding increases the prevalence of recessive diseases. Within an inbred population, the number of affected individuals is proportional to the disease allele frequency, whereas in a large, randomly mating population, the number of affecteds is proportional to the square of the disease allele frequency [21] . Thus, inbreeding increases the efficiency of identifying patients to study.
A second reason for gene mapping in consanguineous families is the expectation of a reduction in genetic heterogeneity. Our a priori assumption is that when a recessive disease arises in a consanguineous family, it must be due to a mutation that is IBD. In fact, if we consider a consanguineous family for which there are only two founders, and in which a recessive disease has arisen, the probability that the disease is being caused by a single mutation is determined by the frequency of that allele in the population, while the probability that the disease is due to two different mutations at the same locus is determined by the product of the respective allele frequencies. For example, if the disease allele frequencies are each on the order of 0.001, then the probability that a consanguineous family affected with a recessive disease is segregating both mutations is only one in a million or 1 ! 10 -6 . Thus, it would appear that our surprise at discovering compound heterozygous mutations in two consanguineous kindreds was justified.
Our initial gene mapping efforts were confounded because our initial assumption of IBD was, in fact, incorrect. An analysis of the literature uncovered at least 13 crease in the frequencies of disease alleles. We have demonstrated here that these two increases are positively correlated with the probability of observing compound heterozygote patients. Furthermore, small changes in the amount of inbreeding within a population will greatly impact this probability. In light of these considerations, the violation of the IBD assumption observed in our study should not have been unexpected.
Conclusion
We report here two mutations in the LIPH gene that underlie ARWH/hypotrichosis and are segregating together in two unrelated consanguineous families from Pakistan. This finding should caution against making the a priori assumption of IBD in consanguineous families. Our data illustrate that evidence for linkage, in the absence of evidence for homozygosity, points to the possibility of allelic heterogeneity ( fig. 7 ) . Parametric linkage analysis is more robust to a violation of the IBD assumption than autozygosity mapping, and it is important to consider results from both methods when gene mapping in consanguineous families. Finally, we have demonstrated that the assumption of IBD is sensitive to the true amount of inbreeding, which is often difficult to estimate accurately, as well as the number of disease alleles and the frequencies of those alleles.
Our initial efforts at gene mapping in two consanguineous families were inconclusive because we had incorrectly assumed that the disease alleles were IBD. In table 1 , we have summarized publications that report finding compound heterozygote patients in consanguineous families, and draw attention to the fact that half of these papers report on a disease known to be caused by a single gene. In such a situation, investigators are naturally prompted to question microsatellite data that excludes linkage to an IBD disease allele and are consequently more likely to identify compound heterozygosity. It is not possible to determine how often failure to observe a pattern of IBD among patients from a consanguineous family is incorrectly attributed to locus heterogeneity in the disease.
Our report demonstrates that compound heterozygosity is a viable and reasonable explanation for such null findings. We are not recommending that gene mapping in consanguineous families should be initiated with an expectation of compound heterozygosity. However, we wish to point out that investigators should be aware that locus heterogeneity or reduced marker polymorphisms are not the only alternative hypotheses to be explored. Furthermore, exploring an alternative of compound heterozygosity may be more reasonable than assuming these other explanations.
Gene mapping in consanguineous families is clearly one of the most powerful methods for identifying recessive disease genes. While it is easy to accept without question assumptions that underlie methods with demonstrated success, our report illustrates the importance of remaining vigilant for the validity of commonly held assumptions.
